The Elk Creek carbonatite is an approximately 8 kilometerdiameter intrusive complex located along the axis of the North American Midcontinent Rift, buried under approximately 200 meters of sedimentary cover. We present 3D inversion results of two airborne geophysical datasets, gravity gradiometry and magnetics, as well as the results of lithologic differentiation based on the inversion models. We show that the 3D inversion results can successfully form the basis for lithologic differentiation leading to a 3D lithology model.
Introduction
The Elk Creek carbonatite is an alkaline intrusive complex emplaced along the trend of the North American Midcontinent Rift System, in present-day eastern Nebraska, USA ( Figure 1 ). The early Paleozoic deposit intrudes Proterozoic gneissic country rocks, and is overlain by approximately two hundred meters of Pennsylvanian marine sedimentary clastics.
The deposit is host to significant niobium and rare earth element (REE) mineralization; in fact the Elk Creek deposit is the largest known niobium deposit in the United States. It was originally discovered and subsequently drilled based on ground-based gravity data which indicated a prominent high-density zone (Carlson 1972) .
Lithologic properties A variety of lithologies present in the carbonatite (Figure 2 ) results in a corresponding variety in physical properties, specifically density and magnetic susceptibility. Overall, the intrusion is more dense than the surrounding country rock with extreme density contrast present in at least one lithology. The susceptibilities also show a differentiation between lithologies. Generally, the lithologies can be combined into four groups or assemblages based on physical properties: (1) country rock, (2) undifferentiated carbonatite, which includes syenite, apatite beforsite, beforsite breccia, barite beforsite, beforsite, and apatite beforsite breccia, (3) mafic rocks, and (4) magnetite beforsite. We summarize the density and susceptibility of each group as follows. The country rocks (1) are less dense than the other groups, and are moderately magnetized; the carbonatite group (2) is dense and weakly magnetized; the mafic rocks (3) are slightly more dense than the country rocks, and are strongly magnetized; the magnetite beforsite (4) is extremely dense and strongly magnetized ( Figure 3 ).
Magnetite beforsite hosts the majority of the niobium mineralization; unfortunately it is volumetrically a minor component of the carbonatite and therefore may be difficult to detect (though we will show that it does, in fact, exist in sufficient quantities for delineation). Barite beforsite is the predominant host of the REE mineralization, and is essentially impossible to distinguish from the other carbonatite group lithologies on the basis of density and magnetic susceptibility.
Geophysical data
Airborne gravity gradiometry (AGG) and magnetic data were acquired by Fugro Airborne (now CGG) for NioCorp Developments, Ltd in the spring of 2011. The survey was draped at 100-meter nominal elevation with 100 meter line spacing and north/south flight lines. Tie lines were flown at 2.75 km line spacing in an east/west direction.
Standard processing on the total field aeromagnetic data, acquired with a Scintrex system, such as leveling, diurnal correction, and IGRF correction was performed by Fugro Airborne.
In addition to the standard processing techniques for AGG data such as leveling and terrain correction, Fugro Airborne also calculated the full tensor from the cross line and curvature components as measured by the FALCON Instrument using both Fourier-domain and equivalent source techniques. We performed additional processing and verification in-house. The computed Tzz component and magnetic total-field data are shown in Figure 4 .
Geophysical inversion
In order to develop an improved understanding of the deposit geometry and lithology in three dimensions, we performed 3D geophysical inversions on the AGG and magnetic data. We subsequently use the resulting models of density and susceptibility to form the basis of lithologic differentiation.
These investigations complement the detailed geophysical interpretations presented by Drenth (2014) , which relied heavily on filtering techniques and gradient maps, with forward modeling for hypothesis testing. Gravity gradient inversion The gravity gradient data were inverted using the method of Li (2001) . This constrained inversion technique uses a Tikhonov-regularized approach to minimize an objective function consisting of a data misfit term and a model norm term, which contains terms related to both smoothness and similarity to a reference model. The recovered model is a 3D voxel mesh containing the distribution of density contrasts, relative to (in this case) 2.86 g/cc. Figure 5 (a) shows the recovered model.
We compared the results of inverting the two tensor components as measured by the FALCON instrument with the full tensor as computed through the Fourier domain approach, using identical inversion parameters.
Magnetic amplitude inversion
The presence of lithologies such as magnetite beforsite implies that remanent magnetization may be present. We therefore used a 3D inversion technique based on magnetic amplitude rather than total field data as the magnetic amplitude is only weakly dependent on magnetization direction (Li et. al., 2010) . The fundamental operation of the inversion, however, is similar to the gravity gradient inversion. Both the recovered density contrast and effective susceptibility models are computed on the same mesh. Figure 5(b) shows the recovered susceptibility model.
Lithologic differentiation
In order to differentiate between the varying lithologies on the basis of geophysical data, we use the coincident recovered density and susceptibility models jointly as diagnostic of their lithologic group, as described previously. We cross-plot the recovered density and susceptibility models, where each point represents a single voxel (Figure 6 ). The plotted points predominantly cluster around the mean physical property values corresponding to their respective geologies; we can then assign a lithology to each voxel and construct the resulting differentiated model. The method is similar in idea to Martinez et. al. (2011) and others, though we present a data-driven rather than modeldriven clustering.
Results
We achieved optimal data misfits with both the gravity gradient as well as the magnetic amplitude inversions. The gravity gradient model shows a sub-vertical stalk of largely undifferentiated carbonatite in a slightly less dense background that extends to depth. The highest density areas are constrained south of center of the main anomaly; in this area we are likely imaging a combination of the The crossplot of susceptibility versus density reveals several clusters of lithologies. We hypothesize that these clusters are consistent with the four geophysical assemblages discussed earlier in this abstract.
Discussion
These initial lithologic differentiation results are encouraging, but must be cautiously interpreted. Voxels are, in reality, nearly always a combination of multiple lithologies.
In addition, smoothing inherent in the inversion results in the signal due to a source in a single voxel being spread across multiple voxels in the recovered model. As a consequence, a fuzzy C-means clustering algorithm may be the best candidate for lithologic differentiation in this dataset.
Conclusions
Gravity gradient and magnetic amplitude inversions were successful in delineating the geometry of the constituents of the Elk Creek Deposit. Initial investigations into lithologic differentiation on the basis of the geophysical inversions are encouraging and are consistent with the geologic hypotheses and borehole control. Cluster numbers correspond to geophysical assemblages given earlier.
